Photon counting detector (PCD) based multi-energy CT is able to generate different types of images such as virtual monoenergetic images (VMIs) and material specific images (e.g., iodine maps) in addition to the conventional single energy images. The purpose of this study is to determine the image type that has optimal iodine detection and to determine the lowest detectable iodine concentration using a PCD-CT system. A 35 cm body phantom with iodine inserts of 4 concentrations and 2 sizes was scanned on a research PCD-CT system. For each iodine concentration, 80 repeated scans were performed and images were reconstructed for each energy threshold. In addition, VMIs at different keVs and iodine maps were also generated. CNR was measured for each type of images. A channelized Hotelling observer was used to assess iodine detectability after being validated with human observer studies, with area under the ROC curve (AUC) as a figure of merit. The agreement between model and human observer performance indicated that model observer could serve as an effective approach to determine optimal image type for the clinical practice and to determine the lowest detectable iodine concentration. Results demonstrated that for all size and concentration combinations, VMI at 70 keV had similar performance as that of threshold low images, both of which outperformed the iodine map images. At the AUC value of 0.8, iodine concentration as low as 0.2 mgI/cc could be detected for an 8 mm object and 0.5 mgI/cc for a 4 mm object with a 5 mm slice thickness.
BACKGROUND AND PURPOSE
Photon counting detectors (PCD) count individual photons and measure their energies, thus enabling multi-energy CT using two or more energy bins in a single acquisition. In addition to the conventional single-energy-like images, various types of derived images can be generated from multi-energy CT, such as material specific images (e.g., iodine map) [1] and virtual monoenergetic images (VMIs) [2] [3] [4] . Various image types have enabled a wide range of clinical applications using multi-energy CT, such as detection of renal or adrenal lesions [3, 5] . VMI at lower keV has higher iodine contrast due to the increased attenuation of iodine at energies closer to its k-edge [6] . However, image noise may also increase for VMI at lower keV. Therefore, contrast noise ratio (CNR) in VMI highly depends on the specific keV and an optimal keV may exist with the highest CNR. Material-specific images generated from multi-energy acquisitions allow differentiation and quantification of various types of materials [3] . The benefit of material specific images is its capability to enhance the visibility of the material of interest (e.g., iodine) while suppressing other materials (e.g., soft tissue), which enhances detectability [1] . However, the material decomposition process usually increases image noise which negatively impacts the detectability. In addition, the detectability of iodine signal could also be affected by other image properties such as spatial resolution and noise texture. This leads to two natural questions: which of the image types provides the best performance in terms of iodine detection, and what is the lowest detectable iodine concentration using PCD CT? Answers to these questions could help minimize either iodine contrast dose or radiation dose to the patients without degrading diagnostic performance. Therefore, the purpose of this study is to determine the image type that has the optimal iodine detection in PCD-based multi-energy CT, and to determine the lowest iodine concentration that can be reliably detected. [14] . Int using a nonpar 
Is

Experimen
Human Observer Study
A 2-alternative force choice (2AFC) test was generated with the TL and VMI of the 4 mm inserts and human observer study was conducted to validate the model observer results. Three medical physicists served as the human observers and each reader evaluated 6 data datasets (2 concentration: 0.5 mgI/cc and 1.0 mgI/cc; 3 image types: TL, VMI at 50 and 70 keV), with each dataset contains 80 trials corresponding to 80 repeated scans. All reader studies were performed on a calibrated reading workstation with a customized GUI built with MATLAB (MathWorks, Massachusetts, United States). Percent correct (PC) of the 2AFC task was calculated. Spearman correlation was performed to compare the correlation between PC of human observer and AUC of model observer. Figure 2 shows the example full spectrum (TL) images, VMI at 70 keV and iodine map images from the PCD-CT scans, with iodine concentrations of 0.2 mgI/cc, 0.5 mgI/cc, 1.0 mgI/cc, and 2.0 mgI/cc. In general, the iodine inserts are more visible for higher concentrations and larger sizes, as expected. However, substantial difference is observed for contrast and noise among different types of images. Figure 3 shows that CNR of the 4mm iodine inserts at different concentrations and image types. As observed, both VMI and iodine map images had higher CNR than that of TL images. For VMI, 50 keV images had higher CNR than that of 70 keV. At the concentration of 1.0 mgI/cc, iodine CNR was 1.47, 1.05, 1.27 and 0.85 for VMI at 50 and 70 keV, iodine map, and TL images. AUC value is provided. For example, if 0.8 is considered the lowest acceptable AUC in clinical practice, the lowest detectable iodine concentration would be 0.2 mgI/cc for the 8 mm insert, and 0.5 mgI/cc for the 4 mm insert.
RESULTS
In this study, we investigated the performance of iodine detection in different types of multi-energy CT images obtained from a PCD-CT scanner. To the best of our knowledge, this is the first study to systematically compare iodine detectability in multiple image types including full spectrum threshold low, VMI and iodine map images from PCD-based multi-energy CT acquisition.
A CHO with Gabor channels was used for model observer study and AUC under ROC curve was selected as the figure of merit after validation with the performance of human observers. The agreement between model and human observer performance indicated that model observer could serve as an effective approach to determine optimal image type for clinical practice. For VMI at different keVs, 70 keV had the highest AUC value, although its CNR was lower than those of 50 and 60 keV. This discrepancy could be due to the difference of spatial resolution and noise texture at different keV [15] , which were effectively incorporated in the CHO while excluded in CNR calculation. Comparing different types of images, the optimal VMI at 70 keV had similar iodine detectability as that of threshold low images, both of which outperformed the iodine map images, although the iodine map had the highest CNR.
Chandarana et al demonstrated iodine quantification maps generated from dual-source, dual-energy acquisitions could determine 0.5mgI/cc iodine enhancement in renal lesions with size larger than 2.0 cm [16] . Our data suggested that the lowest detectable iodine concentration was 0.2 mgI/cc for an 8 mm object, and 0.5 mgI/cc for a 4 mm object, if 0.8 is considered to be the lowest acceptable AUC in clinical practice.
CONCLUSIONS
In this study, we demonstrated that the most sensitive image type for iodine detection in multi-energy CT can be determined and the lowest detectable iodine concentration can be estimated using channelized Hotelling observer.
Results demonstrated the virtual monoenergetic images at 70 keV had similar detectability compared to the threshold low images, both of which outperform the iodine map images. The lowest detectable iodine concentration depends on the object size, with as low as 0.2 mgI/cc detectable for an 8 mm object.
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